This study aimed to evaluate the association between optical coherence tomography (OCT)-measured retinal layer thickness parameters with clinical and patient-centred visual outcomes in healthy eyes. Participants aged 40 and above were recruited from the Singapore Epidemiology of Eye Diseases Study, a multi-ethnic population-based study. Average macular, ganglion cell-inner plexiform layer (GCIPL), and outer retinal thickness parameters were obtained using the Cirrus High Definition-OCT. Measurements of best-corrected visual acuity (BCVA) and 11-item visual functioning questionnaire (VF-11) were performed. Associations between macular thickness parameters, with BCVA and Raschtransformed VF-11 scores (in logits) were assessed using multivariable linear regression models with generalized estimating equations, adjusted for relevant confounders. 4,540 subjects (7,744 eyes) with a mean age of 58.8 ± 8.6 years were included. The mean BCVA (LogMAR) was 0.10 ± 0.11 and mean VF-11 score was 5.20 ± 1.29. In multivariable regression analysis, thicker macula (per 20 µm; β = −0.009) and GCIPL (per 20 µm; β = −0.031) were associated with better BCVA (all p ≤ 0.001), while thicker macula (per 20 µm; β = 0.04) and GCIPL (per 20 µm, β = 0.05) were significantly associated with higher VF-11 scores (all p < 0.05). In conclusion, among healthy Asian eyes, thicker macula and GCIPL were associated with better vision and self-reported visual functioning. These findings provide further understanding on the potential influence of macular thickness on visual function.
Hence, the purpose of our study was to evaluate the association between macular thickness and visual acuity and visual functioning, in a multi-ethnic Asian population. The findings from this study may provide further understanding on the relationship between retinal anatomical structure and visual function.
Methodology
Study population. The Singapore Epidemiology of Eye Diseases (SEED) Study is a cross-sectional population-based study in Singapore and comprises of adults from three major ethnicities: Chinese, Malay, and Indian. The methodology of the SEED study has been previously described [19] [20] [21] . Briefly, participants aged 40-80+ years residing in the Southwestern part of Singapore were recruited and underwent standardised ocular and systemic examinations. Our study population is made up of 3,353 Chinese from the baseline visit in year 2009-2011 (response rate 72.8%), 1,901 Malays from the 6-year follow up visit in 2011-2013 (response rate 72.1%), and 2,200 Indians from the 6-year follow up visit in year 2013-2015 (response rate 75.5%). The baseline visits in the Malay and Indian population did not undergo OCT assessments and hence were not included in this study. This study follows the principles of the Declaration of Helsinki with ethical approval obtained from SingHealth Centralised Institutional Review Board. Written informed consent was obtained from all participants. Eligibility criteria. All participants who underwent an OCT scan were included in our study. Exclusion criteria included poor fundus photo quality e.g. dense media opacity and artefacts, low OCT signal strength of <6, history of glaucoma or high cup-disc ratio of >0.75, previous retinal procedures such as laser photocoagulation, retinal surgery, intravitreal injection, and pre-existing retinal diseases such as diabetic retinopathy, age-related macular degeneration, epiretinal membrane and macular hole.
Ocular and systemic examinations.
A standardised examination protocol was used across all three ethnic groups 8 . The presenting visual acuity (VA) was recorded and subjective refraction subsequently performed to ascertain best-corrected VA (BCVA) of each participant. Both parameters were measured in the units of logarithm of the minimum angle of resolution (LogMAR), using number chart (Lighthouse International, New York, USE) at 4 meters. High myopia was defined as spherical equivalent of −5 dioptres or more.
A detailed interviewer-administered questionnaire was used to collect information including demographics, ocular history, medical and surgical history and medication use, height, weight, blood pressure and pulse rate. Body mass index (BMI) between 18.5 to 25 was defined as normal, <18.5 as underweight, 25 to 30 as overweight, and> 30 as obese. A non-fasting venous blood sample was collected for serum lipids, glycosylated haemoglobin A1c (HbA1c), creatinine, and random glucose. Diabetes was defined as random glucose ≥ 11.1 mmol/L, HbA1c ≥ 6.5%, use of diabetic medications and/or self-reported history. Hypertension was defined as systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, use of anti-hypertensive medications and/or self-reported history. Hyperlipidaemia was defined as total cholesterol ≥ 6.2 mmol/L, use of lipid-lowering medications and/or self-reported history. Cardiovascular disease (CVD) history was defined as self-reported history of angina, heart attack and/or stroke. Lastly, low socioeconomic status was defined as fulfilling all three criteria of primary education or below, monthly income <2,000 SGD and residing in 1 to 2-room public housing flat.
Visual functioning assessment. The VF-11 questionnaire was used to assess the impact of retinal thickness parameters on subjects' vision functioning 22 . The VF-11 is a modified version of VF-14 which has been validated to suit the local Singapore cultural context. The questionnaire was administered by interviewers fluent in English, Chinese, Malay and Tamil. The VF-11 assesses participants' ability to perform activities of daily living, such as reading the newspaper, reading street signs, recognising friends, seeing stairs, watching television, cooking, and driving during the day or night. Items 1-9 were given a numerical grading from 0 to 4, where 0 represents no difficulty in performing such activity, and 4 represents inability to perform that activity, while items 10 and 11 were rated from 0 to 2. A non-applicable option for each item was available if participants did not do the activity for reasons other than their vision, and these data were excluded from the analyses.
Rasch analysis, a form of Item Response Theory, was applied to assess the psychometric properties of the VF-11, in which raw VF-11 scores are transformed to estimates of interval level Rasch measures, expressed in log of the odds units or logits 23 . The scores were reversed so that higher scores represented better visual functioning. We used the overall VF Rasch-transformed score derived from items 1-9 of VF-11 questionnaire excluding item 10 and item 11 ('driving during the day' and 'driving at night') as Rasch analysis of the VF-11 revealed these two items to have high level of misfit.
Spectral-domain optical coherence tomography imaging. Cirrus High-Definition OCT (HD-OCT,
Carl Zeiss Meditec, Dublin, California, USA) was used to capture images of the macula following pupil dilation. In each study eye, a macular cube scan of 6 × 6 mm 2 area centred on the fovea was acquired based on the 512 × 128 protocol and automatically analysed by the Cirrus HD-OCT software V6.5. The macula is subdivided into nine macular subfields as defined by the Early Treatment Diabetic Retinopathy Study (ETDRS) with the foveal central subfield defined as central 1 mm diameter, and the inner ring and outer ring with diameters of 3 mm and 6 mm, respectively. Both inner and outer rings are further divided into superior, inferior, nasal and temporal quadrants. The average overall macular thickness was measured from the internal limiting membrane to the retinal pigment epithelium (RPE) of the macular cube. The average ganglion cell-inner plexiform layer (GCIPL) thickness and outer retinal thickness were measured across an elliptical annulus within the 6 × 6 mm 2 area. GCIPL was segmented from the outer boundaries of retinal nerve fibre layer to the inner plexiform layer, and outer retinal layer was segmented from the outer plexiform layer to the RPE layer ( Fig. 1 ). The four main exposure variables evaluated were foveal central subfield thickness, average macular thickness, average GCIPL thickness, and average outer retinal thickness.
www.nature.com/scientificreports www.nature.com/scientificreports/ Statistical analysis. All statistical analyses were performed using Stata 14.0 (StataCorp LP, College Station, TX). Eye-specific analysis data were used. Mean and standard deviation were reported for continuous variables, while frequency and percentage were reported for categorical variables. Univariate linear regression analysis was performed to examine the associations between demographic, systemic and ocular factors with the two outcomes of interest, BCVA and VF-11 Rasch-transformed scores. Variables significantly associated with the two outcomes in univariate analysis (P < 0.05, shown in Supp Tables 1 & 2) and potential confounders (based on prior clinical knowledge, including cataract and axial length) were further included in the multivariable regression models. Multivariable linear regression models with generalized estimating equation (GEE) were used to account for correlation between pairs of eyes.
Results
As shown in Fig. 2 , after excluding subjects with pre-existing retinal diseases or glaucoma, missing OCT data, poor OCT signal strength or quality and neurodegenerative diseases, a total of 4,450 individuals and 7,744 eyes were included in our analysis. Table 1 shows the population demographics, systemic and ocular characteristics of participants. The mean age of the included sample was 58.6 ± 8.6 years, with 2,333 (51.4%) females. 1,130 (24.9%) had diabetes, 2,700 (59.5%) had hypertension, 2,297 (52.5%) had hyperlipidaemia and 366 (8.1%) had history of CVD. The mean VF-11 score was 5.20 ± 1.29 logits, and the mean BCVA was 0.10 ± 0.11. The mean central subfield thickness was 246.1 ± 21.5 µm, average macular thickness was 276.0 ± 13.4 µm, average GCIPL thickness was 80.4 ± 7.1 µm, and average outer retinal thickness was 123.3 ± 8.5 µm. Table 2 shows the association between OCT macular parameters and BCVA. After adjusting for age, gender, ethnicity, socioeconomic status, body mass index, diabetes, hypertension, hyperlipidaemia, CVD, presence of cataract, axial length and OCT signal strength (significant variables in Supp Table 1 ), each 20 µm increase in thickness in central subfield macula, overall macula, and GCIPL were significantly associated with better BCVA (all p ≤ 0.001). Table 3 shows the association between OCT macular parameters and VF-11 scores. In our multivariable model (Model 2) adjusted for age, gender, ethnicity, socioeconomic status, hypertension, hyperlipidaemia, cardiovascular disease, axial length, cataract, intra-ocular pressure and OCT signal strength (significant variables in Supp  Table 2 ), each 20 µm increase in average macular thickness (β = 0.04) and average GCIPL thickness (β = 0.06) were associated with higher VF-11 scores (all p < 0.05). After adjusting for BCVA in Model 3, average macular thickness (β = 0.04) and average GCIPL thickness (β = 0.05) remained significantly associated with higher VF-11 score (all p < 0.05). The association between central subfield thickness and average outer retinal thickness, and VF-11 scores were not significant in multivariable analysis.
Discussion
In our large, multi-ethnic population-based study, we found that a thicker OCT-measured average macular thickness and GCIPL thickness were both independently associated with better BCVA and visual functioning scores. A thicker central subfield thickness was also significantly associated with better BCVA. These findings support our initial hypothesis that in healthy eyes, a thicker macula is associated with better vision and vision-specific functions. This finding may help to partially explain the subtle variation in vision and visual function among non-pathological eyes that is sometimes observed in clinic. Table 1 . Characteristics of study sample. *Data presented as mean (SD) for continuous variables and n (%) for categorical variables. †Defined as having primary or lower education, individual monthly income <SGD$2000, and residing in 1-2 room public housing flat. ‡Rasch transformed VF-11 scores, with higher scores representing better visual functioning. CVD = cardiovascular disease; LogMAR= Logarithmic of minimum angle of resolution; VCDR = vertical cup-disc ratio; OCT = optical coherence tomography; GCIPL = ganglion cell-inner plexiform layer.
In addition, we found that poor presenting visual acuity was significantly associated with worse VF-11 scores (per 0.1 LogMAR increase, β = −0.01, p < 0.001). Despite this close relationship, association between the respective macular thickness parameters with VF-11 scores remained significant after adjusting for presenting VA. This further substantiates the observed associations. Furthermore, as age and axial length were major determinants of macular and GCIPL thicknesses, we performed subgroup analyses by age and axial length profiles 4, 24 . in view of the close correlation. We observed that the associations with BCVA were consistently observed in both younger (<60 years old) and older age groups (≥60 years old) ( Supplementary Table 3a ). Significant associations were similarly observed in eyes with axial length of <25 mm, but not in long axial length eyes ( Supplementary  Table 3b ). On the other hand, the associations with VF-11 scores only remained significant for those with shorter axial length of <25 mm ( Supplementary Table 4b ).
To the best of our knowledge, this is a novel finding in healthy eyes. This contrasts with most other studies which looked at pathological eyes where increased macular thickness was generally associated with poorer visual acuity 10, [25] [26] [27] . For example, a thicker OCT-measured macular thickness in eyes with vein occlusion or uveitis, as shown in the Standard Care vs. Corticosteroid for Retinal Vein Occlusion (SCORE) study and Multicentre Uveitis Steroid Treatment (MUST) trial, was associated with poorer baseline visual acuity. In comparison, our study evaluated this association in healthy eyes, whereby the differences in macular thickness represent a larger physiological variation among normative population, rather than as a sequela to a macular disease. Our finding of a positive correlation between thicker macula with vision and patient-centred visual function suggests that macular thickness could also be one of the determinants for visual outcomes. Our observed finding may be explained by the notion that thicker macula reflects a more abundant cell number especially of the ganglion cell type which functions to transmit crucial visual information from the retina to the brain 28 .
Our analysis showed that within the inner retinal layer, average GCIPL thickness was also significantly associated with better BCVA and visual functioning scores, but the outer retinal thickness was not. This may be because the majority of the ganglion cells are located in the inner retinal layer of the macular and have greater influence on visual function. Overall, our study supports the existing literature that GCIPL thickness is a determinant of visual outcomes, even in healthy eyes. We also presented a novel finding in which macular and GCIPL thickness were positively associated with self-reported outcomes in healthy eyes, independent of individual's vision status. One study looked at the correlation between foveal morphology and visual function in participants with neovascular age-related macular degeneration 18 . They reported an inverted U-shaped correlation between central foveal thickness and visual function, assessed using National Eye Institute Visual Function Questionnaire (VFQ) scores, with best visual function peaking at 220 µm of macular thickness. In contrast, our study evaluated healthy eyes and further took into account a range of potential confounders including individual's presenting vision status. This shows that, other than clinically measured vision status, macular and GCIPL thickness also potentially contributes to good visual functioning. In healthy eyes, macular thickness can possibly aid in other areas crucial for visual functioning such as depth perception, contrast sensitivity, stereo-acuity, and visual fields, further supporting the role of macular thickness as a factor associated with better visual functioning 18, 29 . Overall, despite the statistically significant associations observed between macular parameters and visual functions, it should also be noted that the observed effect estimates were generally small. Hence, the clinical impact of these observed associations remained to be evaluated in future studies.
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Strengths of our study include a large, multi-ethnic population. Furthermore, measurements were conducted comprehensively and according to a standardized protocol, allowing us to account for a range of potential confounders. Our study is limited by the lack of other parameters that measure quality of vision (e.g. contrast sensitivity) and information on temporality, which limits inference on causality between retinal layer thickness and visual outcome. Thus, future longitudinal studies in this aspect are still warranted. Our study was also limited by some missing responses on VF-11 questionnaire, which ranged from 0.4 to 36.4% by individual question. However, only three items related to difficulty in cooking, playing games and filling out lottery forms had missing responses of >20%. The higher missing rates in these 3 items were unlikely to have impacted our original findings substantially. Lastly, although the GCIPL thickness was measured using an elliptical annulus area at the macula, we acknowledge that the effect of retinal ganglion cell displacement at the macula was still not fully accounted for in our measurements, and might impact inner retina-related evaluation.
In conclusion, our study demonstrates that in an adult Asian population with healthy eyes, thicker macula and GCIPL were associated with better VA and better visual functioning. Our findings suggest that macular and GCIPL thickness parameters may be useful determinants for visual functions.
